S
epsis is a systemic inflammatory response to infection with bacterial, viral, protozoal, or fungal organisms. This inflammatory response is mediated by cytokines released from macrophages in response to tissue injury or bacterial invasion. 1 The development of sepsis is associated with cardiovascular derangements and microcirculatory disturbances that lead to local tissue hypoperfusion. 2 Tissue oxygen extraction and utilization may be impaired, leading to development of tissue hypoxia and, ultimately, multiorgan dysfunction and death. 3 Sepsis in volume-resuscitated humans is a hyperdynamic state characterized by normal to high CO despite impaired cardiac contractility. 4 Cardiac output is maintained through reversible biventricular dilatation and tachycardia. 2, 5 Both survivors and nonsurvivors of sepsis appear to maintain this hyperdynamic state. 2, 5 Low SVR, with or without decreases in mean arterial blood pressure, is also detected. 3 Oxygen delivery, which is the amount of oxygen (mL) delivered to the tissues per minute, is increased along with CO. 3 In experimental studies, [6] [7] [8] [9] [10] [11] [12] dogs with sepsis have a similar hemodynamic profile to that of humans with Assessment of oxygen transport and utilization in dogs with naturally occurring sepsis sepsis. In conscious dogs that have clots containing Escherichia coli implanted IP, CO and mean arterial blood pressure values are initially low. Following administration of 80 mL of isotonic crystalloid fluid/kg (36.4 mL of isotonic crystalloid fluid/lb), those dogs develop increased CO and decreased SVR, comparable to findings in humans receiving fluid therapy for sepsis. Similar hemodynamic changes have been detected in dogs experimentally infused with E coli endotoxin 7 or live E coli 8 and dogs implanted IP with endotoxin-containing clots. 9 It is not known whether experimentally induced sepsis in dogs is associated with the same degree of myocardial depression as that which develops in humans with sepsis. One study 10 tized dogs revealed no changes in myocardial contractility for 4 hours following endotoxin infusion, whereas considerable myocardial depression has been detected following IV administration of endotoxin 11 or tumor necrosis factor-α. 12 Despite sufficient · Do 2 , metabolic dysfunction and signs of tissue hypoxia persist in sepsis. 13 The underlying cause of persistent tissue hypoxia is an area of debate 13, 14 and is thought to be related to insufficient oxygen extraction. The O 2 ER is the percentage of oxygen removed by the tissues. 15, 16 Decreases in O 2 ER in association with sepsis can occur as a result of microcirculatory dysoxia, an inability of the tissues to use oxygen, or more likely, some combination of these. 17 Microcirculatory dysoxia occurs secondary to abnormal blood flow patterns at the tissue level caused by endothelial dysfunction, microthrombosis, and functional shunting. 18 Microcirculatory flow derangements are associated with reduced tissue oxygen extraction, 18 and both have been identified in humans with sepsis. 19 Sepsis is also thought to decrease the ability of tissue to consume oxygen via mitochondrial dysfunction or cytopathic hypoxia, thereby creating a state of improper oxygen utilization. 20 Regardless of the underlying cause, O 2 ER is decreased in dogs and humans with sepsis despite adequate · Do 2 . 3, 13, 20, 21 Oxygen consumption is the total amount of oxygen consumed by the tissues. 15 In healthy animals, · Vo 2 is independent of · Do 2 because oxygen is delivered far in excess of tissue requirements. Once · Do 2 decreases to less than a critical level, · Vo 2 becomes directly dependent on the amount of oxygen delivered. 15 In a healthy animal, the amount of oxygen delivered is matched to oxygen demand. In septic states, inefficient matching of blood flow to oxygen demand creates a pathological oxygen supply dependency; despite increases in · Do 2 , decreased O 2 ER causes · Vo 2 to become supply dependent. 22 Although it seems logical that · Vo 2 should be decreased in septic states, · Vo 2 is apparently normal to increased in both humans 3, 14, 21 and dogs with sepsis. 23 Alterations in · Vo 2 may be a result of heterogeneous blood supply at the microcirculatory level, wherein low flow rates in some tissues increase the amount of oxygen consumed yet other tissues become unable to extract oxygen. 21 To the authors' knowledge, there have been no previous studies of oxygen transport and utilization variables in dogs with naturally occurring sepsis. Studies 9, 21 have been performed in anesthetized research dogs with experimentally induced sepsis, but the hemodynamic profile of clinically ill dogs is unknown. In another study 24 
Materials and Methods
Dogs that were evaluated in the critical care unit at a veterinary teaching hospital were considered for inclusion in the study. Informed client consent was obtained prior to study enrollment of any dog, and the study was approved by the Colorado State University Animal Care and Use Committee. Data were collected from January 2005 through April 2007.
Inclusion criteria-A dog was eligible for inclusion in the study if it weighed > 10 kg (22 lb ; and proportion of band neutrophils > 10%). Sepsis was initially diagnosed cytologically (ie, bacteria detected during microscopic examinations of samples of effusions or swabs) and subsequently confirmed on the basis of positive results of bacterial culture of samples. Negative results of bacterial culture or lack of underlying septic disease process (ie, secondary to gastric dilatationvolvulus, hemoabdomen, or polytrauma or following cardiac arrest and cardiopulmonary-cerebral resuscitation) were used to classify eligible dogs as dogs with nSIRS. Ten dogs with naturally occurring sepsis and 11 dogs with nSIRS were included in the study. Seven dogs with sepsis were excluded because only CO and · Do 2 I measurements were obtained in those patients.
Procedures-Lithium dilution CO measurements were performed by use of hemodynamic monitor a in accordance with the manufacturer' s specifications. Lithium dilution CO measurements were performed at 0, 8, 16, and 24 hours in the dogs with sepsis and at 0, 4, 8, 16, and 24 hours in the dogs with nSIRS. At the predetermined time points, dogs in each group also underwent arterial blood gas analyses, b hemoximetry, c and measurements of direct mean arterial blood pressure. Venous blood gas analyses b and measurement of CVP were performed at each time point only in dogs with sepsis. Treatments were not standardized for either the nSIRS or sepsis groups; the primary clinician was free to use any treatment indicated by the patient' s clinical condition.
Cardiac output was adjusted to patient body surface area (ie, calculation of CI) to allow comparisons among dogs of different size. Body surface area was calculated by use of an equation 25 as follows: body surface area (m 2 ) = 0.101 X body weight (kg) 
Results
Dogs with sepsis-Ten dogs with naturally occurring sepsis were included in the study. Mean ± SD age of the dogs was 6.3 ± 3.2 years (range, 1 to 14 years), and mean weight was 33.5 ± 10.8 kg (73.7 ± 23.8 lb [range, 20.0 to 54.2 kg {44.0 to 119.2 lb}]). Labrador Retrievers were the most common breed represented (n = 4), followed by mixed-breed dogs (2) and Mastiff, Golden Retriever, Bloodhound, and English Setter (1 each). Causes of sepsis were septic peritonitis (n = 6), pneumonia (3), and nonhealing skin wounds (1) . Bacterial culture of samples from all 10 dogs yielded growth of at least 1 organism; multiple types of bacteria were detected in samples from 8 dogs. The most common organisms isolated were E coli (n = 5 dogs), Staphylococcus intermedius (4), Enterococcus spp (4), and β-hemolytic Streptococcus spp (2) . Clostridium perfringens, Lactobacillus sp, Proteus mirabilis, and methicillin-resistant Staphylococcus aureus were each isolated once.
A total of 32 lithium dilution CO measurements were obtained from the 10 dogs with sepsis over the 24-hour period. Five dogs survived to discharge from the hospital, and all were still alive 28 days later. Among the 5 surviving dogs, a 24-hour measurement was not completed in 1 dog because of dislodgement of the arterial catheter. Four dogs were euthanatized (3 during the 24-hour study period and 1 immediately following the study period) because of their deteriorating condition, including development of severe hypotension, multiorgan dysfunction, and disseminated intravascular coagulation. One dog was euthanatized after it survived the initial episode of septic pneumonia but failed to recover neurologically following craniotomy for cerebral mass removal. Data were obtained from the 2 euthanatized dogs surviving the study period at all time points and included in the analyses; data were available from the 3 dogs euthanatized during the study period at time points 0 (n = 3), 8 (1), and 16 (1) A total of 53 lithium dilution CO measurements were obtained from the 11 dogs with nSIRS over the 24-hour period. Nine dogs survived to discharge from the hospital, and 7 of these were alive 28 days after discharge. One dog died as a result of ventricular fibrillation associated with norepinephrine administration, and another was euthanatized after developing acute renal failure; both events occurred after the 24-hour study period had ended. Among the 11 dogs, 24-hour CO measurement was not completed in 2 dogs because of dislodgement of the arterial catheter. For these 2 dogs, CO measurements were obtained at 0, 4, 8, and 16 hours; measurements at all time points were available for the remainder of the dogs. There was no effect of time on CI or · Do 2 I in the dogs with nSIRS; thus, values for each variable at the 5 time points were averaged for each dog with nSIRS. 
Dogs with nSIRS-Eleven
dogs with nSIRS were included in the study. Mean age of the dogs was 8.4 ± 3.6 years (range, 0.3 to 13 years), and mean weight was 34.3 ± 19.9 kg (75.5 ± 43.8 lb [range, 14.8 to 86.8 kg {32.6
Dogs with sepsis versus healthy dogs-Data

Discussion
The goal of the present study was to determine whether oxygen transport and utilization variables differ among healthy dogs, dogs with sepsis, and dogs with nSIRS. Results indicated that there were few differences between variables in healthy dogs and dogs with sepsis, but significant differences were detected between dogs with sepsis and dogs with nSIRS.
In previous studies 2,5,9,21 in humans and dogs, CO was increased in individuals with sepsis, compared with values in healthy individuals; however, a similar finding (based on CO values indexed to body surface area [CI]) was not a result of the present study. The dogs in our study had sepsis for an undetermined period prior to enrollment. Although humans with sepsis typically remain in a hyperdynamic phase for 7 to 10 days following initial diagnosis, 27 there is little information on the duration of changes in affected dogs. One study 6 revealed that increases in CO were present for 10 days following induction of sepsis but only after bolus fluid administration each day. Cardiac output was assessed only during the first 24 hours of hospitalization of dogs in the present study, so it is possible that an earlier or later change in CO may not have been detected. 26 (n = 97) and dogs with naturally occurring sepsis (10) . , and 24 hours after admission to hospital), unless the dog had died or was euthanatized or the arterial catheter was dislodged. A total of 53 measurements were taken (at 0 hours, n = 11 dogs; at 4 hours, 11; at 8 hours, 11; at 16 hours, 11; and at 24 hours, 9). For each dog, a mean value for each variable was calculated from the available measurements. Values in the table represent the mean of mean values for each variable.
Dogs with Dogs with
See Table 1 for remainder of key. It is also possible that biventricular dilatation, as identified in humans with sepsis, 27 does not develop to the same degree in dogs with naturally occurring sepsis. Following experimental induction of sepsis in dogs, reversible myocardial depression, decreased ejection fraction, and increased left ventricular end-diastolic volume are detected. 6 Compared with healthy dogs, dogs with sepsis in our study were significantly tachycardic. Lack of ventricular filling time may have resulted in decreased end-diastolic volume and consequently a lack of change in CO. Measurement of right and left end-diastolic volume and ejection fraction would be needed to investigate altered cardiac function; these assessments were not performed in our study.
Another reason for the lack of significant difference in CO between published values for healthy dogs and dogs with sepsis was that the dogs in our study may not have been adequately fluid resuscitated. Humans with sepsis typically have decreased CO but become hyperdynamic once intravascular volume is restored. 4 In 1 study, 6 fluid administration was required to induce increases in CO. Although the dogs in the present study had a mean CVP of 5.5 mm Hg and clinical evidence of euvolemia, fluid resuscitation may have been inadequate. However, apparently normal values of CVPalthough a reflection of right atrial filling pressure-do not necessarily imply adequate intravascular volume. Factors that can falsely increase CVP include venoconstriction, elevated intrathoracic pressure (as develops during positive-pressure ventilation), decreased CO, elevated intra-abdominal pressure, pericardial effusion, and changes in head and body position. 28 Despite the inherent limitations in CVP measurement, one would expect CI to increase over the 24-hour study period as the dogs were appropriately volume resuscitated, but there was no significant effect of time on CI.
Cardiac index in dogs with sepsis was significantly higher than it was in dogs with nSIRS. This is particularly interesting given that evidence of SIRS was part of the inclusion criteria for the dogs with sepsis. Therefore, one might expect dogs with sepsis to develop the same hemodynamic changes as dogs with nSIRS. The etiopathogenesis of myocardial depression, ventricular dilatation, and increased CO in humans with sepsis is not clear, 27 but those abnormalities are thought to be related to derangements in calcium handling by myocytes. 29 Increased concentrations of circulating cytokines (eg, tumor necrosis factor-α, interleukin-1β, and interleukin-6), increased nitric oxide production, and myocardial apoptosis have all been implicated in the development of myocardial depression. 30 These biochemical and cytokine alterations are associated with both sepsis and SIRS, but in humans, SIRS is associated with myocardial depression and decreased CO. 31 Most of the research on SIRS-related myocardial depression has been conducted in patients with sepsis or following cardiopulmonary bypass. There are isolated reports of myocardial depression with and without decreased CO in humans with nSIRS, which can develop secondary to chemotherapy administration 32 and renal necrosis. 33 However, there has been no further research into the reason why sepsis results in a high-CO state, whereas SIRS alone does not.
Of the oxygen transport and utilization variables that were investigated in our study, only · Do 2 I was significantly different between dogs with sepsis and healthy dogs. Given that mean total hemoglobin concentration and mean arterial oxygen saturation (components of the · Do 2 equation) were significantly lower in dogs with sepsis, it is not surprising that · Do 2 I was significantly lower in that group. Total hemoglobin concentration may be lower in dogs with sepsis as a result of loss via hemorrhage or cavitary effusions, hemodilution subsequent to fluid therapy, erythrolysis due to immunemediated processes, or decreased production secondary to chronic disease. Arterial oxygen saturation may be lower in dogs with sepsis because of impaired gas exchange associated with primary pulmonary diseases (eg, pneumonia or cardiogenic edema) or pulmonary diseases that develop secondary to the septic process (eg, acute respiratory distress syndrome or pulmonary thromboembolism resulting from activation of the coagulation system). 24 of dogs with SIRS also indicated that CI and · Do 2 I did not change significantly over time between survivors and nonsurvivors. This is similar to findings in humans with sepsis, in whom CI and · Do 2 I are maintained even prior to death in nonsurvivors. 2, 5 Overall, · Vo 2 has not been shown to have an effect on survival in critically ill humans, 35 but no similar information is available for veterinary patients, to our knowledge. Nonsurvival in critically ill humans is more strongly associated with an inability to increase · Do 2 and · Vo 2 , 36 even with pressor or inotropic support, despite increases in CI. Significantly lower O 2 ER also appears to be predictive of death. 37 These findings imply that critically ill humans who lack the physiologic reserves to optimize hemodynamic variables are more likely to die 36, 37 and that measurements at a single time point do not predict survival. The present study was considerably underpowered because of the small sample size, and it is possible that assessment of a larger number of dogs with sepsis might reveal a significant difference between survivors and nonsurvivors. Another possible cause for lack of differences between survivors and nonsurvivors is that oxygen transport and utilization variables do not pro- 3, 13 has been detected in dogs with experimentally induced sepsis, 21 and has been hypothesized to occur for the same reasons that the oxygen delivery-consumption curve and critical · Do 2 shift to the right.
Values of ·
Limitations of the present study include the small number of dogs, inherent variations in treatment of clinical cases, and the short period over which measurements were made. Enrollment of more cases may have allowed detection of significant changes in CI, O 2 ER, and · Vo 2 in dogs with sepsis, compared with findings in healthy dogs. Treatment was not standardized for clinical cases, and each dog was treated at the discretion of the primary clinician. Many of these interventions can affect CO and oxygen transport. The lack of significant differences in hemodynamic and oxygen transport variables between dogs with sepsis and healthy dogs may be related to variations in treatment, but in a clinical study, withholding appropriate treatment would be unethical. The duration of sepsis in each dog prior to or after study enrollment may have also had a role in the lack of significant findings in our study. Performing CO measurements during the entire period of hospitalization would help elucidate the cardiovascular changes that can occur over time in dogs with sepsis.
Future research into the hemodynamic alterations that occur in dogs with sepsis or SIRS could include measurements of cardiac contractility and left ventricular preload. This would help to determine whether ventricular dilation develops in dogs with sepsis as it does in humans with sepsis. 2, 5 Measurement of circulating cytokine concentrations in temporal relation to alterations in CI, · Do 2 I, O 2 ER, · Vo 2 I, and SVRI would also be beneficial for understanding how changes in the inflammatory system impact hemodynamics and oxygen utilization variables. Alterations in the microvasculature in relation to global hemodynamic indices could also be investigated.
Results of the present study indicated that dogs with sepsis do not have significantly different CI, O 2 ER, 
